ABSTRACT ARX (the aristaless-related homeobox gene) is a transcription factor that participates in the development of GABAergic and cholinergic neurons in the forebrain. Many ARX mutations have been identified in X-linked lissencephaly and mental retardation with epilepsy, and thus ARX is considered to be a causal gene for the two syndromes although the neurobiological functions of each mutation remain unclear. We attempted to elucidate the causal relationships between individual ARX mutations and disease phenotypes by generating a series of mutant mice. We generated three types of mice with knocked-in ARX mutations associated with X-linked lissencephaly (P353R) and mental retardation (P353L and 333ins(GCG)7). Mice with the P355R mutation (equivalent to the human 353 position) that died after birth were significantly different in Arx transcript/protein amounts, GABAergic and cholinergic neuronal development, brain morphology, and life span from mice with P355L and 330ins(GCG)7 but considerably similar to Arx-deficient mice with truncated ARX mutation in lissencephaly. Mice with the 330ins(GCG)7 mutation showed severe seizures and impaired learning performance whereas mice with the P355L mutation exhibited mild seizures and only slightly impaired learning performance. Both types of mutant mice exhibited the mutation-specific lesser presence of GABAergic and cholinergic neurons in the striatum, medial septum and ventral forebrain nuclei as compared with wild type mice. Present findings that reveal a causal relationship between ARX mutations and the pleiotropic phenotype in mice suggest that the ARX-related syndrome, including lissencephaly or mental retardation, is caused by only the concerned ARX mutations without the involvement of other genetic factors.
INTRODUCTION
The forebrain comprises a number of functionally and morphologically distinct types of neurons that, in coordination, regulate various aspects of cognition and behavior.
ARX, thought to play an important role in forebrain development, is conserved in vertebrates and the ARX protein contains a prd-type homeodomain, four polyalanine tracts, an octapeptide and C-terminal (aristaless) domains (1, 2) . Located at Xp22.13, the ARX gene is considered to be a causative factor for X-linked lissencephaly and mental retardation (3, 4, 5) , and more than 60 disease-related ARX mutations have been identified (6, 7, 8) . These mutations are classified into two groups: one produces more severe lissencephaly, the other less severe mental retardation symptoms. The former group includes deletion, frameshift, nonsense and missense mutations within the homeobox and is associated with malformation syndromes such as lissencephaly, agenesis of the corpus callosum, and ambiguous genitalia. The latter group includes elongation of the first or second polyalanine tract and missense mutations and is associated with syndromes without obvious malformations such as mental retardation, epilepsy and dystonia. The association of mental retardation with epilepsy is incidental since the patients sometimes had frequent and prolonged seizures, secondary neuronal injury, and side effects of anticonvulsant. ARX mutations, however, provide a direct model for genetic association between epilepsy and mental retardation (9) . Thus ARX is uniquely involved in a wide spectrum of neurodevelopmental disorders, ranging from mental retardation to lissencephaly.
Arx is expressed in the forebrain as well as in the testis, pancreas and skeletal muscles (3, 10, 11, 12) . It is involved in GABAergic neuron development in the cortex and striatum, in addition to cholinergic neuron development in the striatum, medial 5 Arx protein in the Arx PR/Y embryo was approximately the same as in the wild-type Arx, while the protein from the Arx PL/Y and Arx (GCG)7/Y embryos was 40-60% that of the wild-type Arx; lower levels of protein were also found in another GCG mutant mouse, Arx 432-455dup/Y (Fig. 1G, unpublished data) . The low levels may be based on susceptibility to proteolysis of the mutated Arx, while detailed analysis of the mechanisms responsible for expression amounts of Arx transcript and protein in the Arx PR/Y embryo is required.
Arx PR/Y mice died within one day after birth, as did Arx deficient (Arx -/Y ) mice 
Disturbed development of GABAergic and cholinergic neurons in embryonic and neonatal Arx PR/Y , Arx PL/Y , and Arx (GCG)7/Y mice
Arx deficiency results in the loss of most of the tangential migration, except for that along the subventricular zone (3) . The migration of GABAergic progenitor cells was examined using mutant mice cross-bred with heterozygous glutamate decarboxylase (GAD) 67-GFP ( neo) mice, (GAD67 GFP/+ mice) (21, 22) , which demonstrated that most of the GABAergic interneuron precursors expressed Arx ( Fig. 2A-D) . The migration modes in Arx PR/Y and Arx PL/Y embryos were very different from one another (Fig. 2B, C) .
Arx + GABAergic progenitor cells of Arx PR/Y embryos failed to initiate migration at E12.5 ( Fig. 2B ) and began to migrate only along the subventricular zone of the cortex at E14. 5 (inset of Fig. 2B ). The total number of Arx + cells was 28.5±3.4% (P<0.001, n=3) of that found in wild-type cells in the cortical plate at P0 (Fig. 2F) . The Arx + GABAergic progenitor cells of Arx PL/Y and Arx (GCG)7/Y embryos began to migrate at E12.5 ( Fig. 2C,   D) , finally reaching 92.8±8.7% and 88.4±11.2% (P<0.02, n=3), respectively, of the number of wild-type cells found in the cortical plate at P0 (Fig. 2G, H) . Thus, the PR mutation associated with XLAG resulted in severe defects in cortical tangential migration from the medial ganglionic eminence (MGE), whereas the PL and (GCG)7 mutations associated with ARX-related mental retardation resulted in only slight impairments.
Arx deficiency results in a thickened subventricular zone of striatum and a loss of GABAergic interneurons in the striatum, suggesting the inhibition of both the radial 6 migration of GABAergic projection neurons from the lateral ganglionic eminence and the tangential migration of GABAergic interneurons from the MGE (3, 15) . Arx + and MAP2 -ventricular and subventricular zones of the striatum were thicker in the Arx PR/Y mice at P0 (* in Fig. 2J1, J2) . Furthermore, somatostatin (SST) + cells, a subtype of GABAergic interneurons, accumulated in the subventricular zone of the ventral striatum (around the nucleus accumbens), but no SST + cells were detected in the mantle zone of the striatum (Fig. 2N) . Thus, both radial and tangential migration was significantly suppressed in the Arx PR/Y mice, and a very similar situation was seen with the Arx -/Y mice (3, 15) . Radial migration in the Arx PL/Y and Arx (GCG)7/Y mice, on the other hand, was barely suppressed compared with that in the Arx PR/Y mice at P0 (Fig. 2K1, K2 , L1, L2), while tangential migration of striatal SST + cells was suppressed in a manner dependent on each mutation ( Fig. 2O, P) . Thus, the PR mutation induced severe defects in striatum formation, which depends on both the radial and tangential migration of presumptive GABAergic neurons, while the PL and (GCG)7 mutations caused impairments only in tangential migration of interneurons to the striatum.
Arx induces Gbx1 and Lhx8, making it essential for the development of cholinergic neurons; no cholinergic neurons were detected in the forebrain of the Arx -/Y mice (15) . In Arx PR/Y and Arx (GCG)7/Y mice, no Lhx8 expression was found in the striatum at P0 (Fig. 2R, T) , and only a slight reduction in Lhx8 expression was detected in the striatum of Arx PL/Y mice (Fig. 2S) . ARX was expressed in the MS and the vertical limbs of the nucleus of the diagonal bands (DBv) of Arx X/Y mice at P0 (Fig. 2U) , while no expression was seen in Arx PR/Y mice (Fig. 2V) . Furthermore, the Arx PL/Y and Arx (GCG)7/Y mice showed much reduced ARX expression in the MS and DBv (Fig. 2W, X) . These 7 packed together in the uppermost layer, resulting in a thinner Satb2 + upper layer (Fig. 3C,   D) . Thus, the abnormal cortical structure in Arx PR/Y mice at P0 suggests that fine regulation in both the proliferation of neuroepithelial cells in the ventricular zone (3) and the inside-out migration of post-mitotic neurons may be perturbed by Arx PR/Y protein expression in the embryonic ventricular/subventricular zones. Furthermore, this perturbation may be one reason why three cortical layers are formed in the human cortex with XLAG (26, 27) . No thin cortical plate or abnormal layer structure was observed in the Arx PL/Y and Arx (GCG)7/Y mice containing mutations that cause mental retardation (data not shown).
The addition of seven alanines to the first polyalanine tract of Arx in vitro results in the formation of intranuclear inclusions and increased apoptosis (28, 29) , whereas the present in vivo study using Arx (GCG)7/Y embryos showed that no specific formation of intranuclear inclusions occurs in the migratory Arx + cells from ganglionic eminence at E12 and in the cortical Arx + cells at P0 (Supplementary Material, Fig.   S1A-D) . Furthermore, no increased apoptosis was detected in the ganglionic eminence at E12 (Supplementary Material, Fig. S1E, F) . These observations were also seen in another mutation type in the GCG tracts, the duplication of polyalanine tract, "432-455dup" (unpublished data). The absence of intranuclear inclusions in the present in vivo study could be based on differences in the in vivo and in vitro solubility/stability of Arx protein with extra alanine tracts.
In summary, the phenotype of mice with the PR mutation was entirely different from that of mice with the PL and (GCG)7 mutations; this strongly suggests that both groups of mutations can cause specifically developmental abnormalities in ARX-related lissencephaly (XLAG) or mental retardation. In order to further understand mutation effects on ARX-related mental retardation, we focused on the seizure, behavioral and neuronal analysis of the Arx PL/Y and Arx (GCG)7/Y mice at the postnatal stage.
Epilepsy in the Arx PL/Y and Arx (GCG)7/Y mice
Epilepsy is a common symptom in ARX-related mental retardation, and we examined the presentation of the epilepsy in the both types of mice. In the behavioral monitoring experiment, seizures were noted in 70% (7/10) of the Arx (GCG)7/Y mice at P1m Histologically, ectopically induced NPY expression in mossy fibers of the dentate gyrus was found in the brains of Arx (GCG)7/Y mice presenting seizures (Fig. 4A1, A2) .
In three pairs of Arx (GCG)7/Y mice and their wild-type littermates, electroencephalographics (EEGs) were recorded in the frontal cortex, hippocampus and striatum together with the behavioral monitoring (Fig. 4B1, B2) . In all three Arx (GCG)7/Y mice, the ictal EEG showed abnormal activities, although no spikes were found during the interictal period (Fig. 4C) . At the beginning of the seizure, EEG showed positive spikes in the hippocampus and negative spikes in the frontal cortex and striatum, followed by diffuse spike bursts (Fig. 4D) . The first spikes in 26 of the 29 seizures were seen simultaneously in the hippocampus, frontal cortex and striatum. Then 20-30 Hz spike bursts with waxing and waning appeared in the hippocampus, and there were continuous bursts of very high-voltage spikes in the striatum. Finally, the bursts abruptly changed to long-lasting, low-voltage activity with synchronous rhythmic theta waves.
Seizures often occurred in clusters, and the spikes were found between the seizure clusters.
In contrast, no Arx PL/Y mice died during the behavioral monitoring. Only one tonic seizure was seen at P1m in the Arx PL/Y mice (1/10), and the seizure was of shorter duration (30 seconds) than those seen in the Arx (GCG)7/Y mice (146±57.9 seconds) but no seizures were observed in Arx PL/Y mice during EEG recordings. To determine the threshold of seizure and the relationship between age and seizure, the Arx PL/Y and Arx X/Y mice were challenged with bicuculline, a GABAA receptor inhibitor, at P1m and P3-5m at a relatively low dosage (1.5mg/kg). Myoclonic jerks were observed in most of the mice with both genotypes at both P1m and P3-5m, while generalized seizures developed less frequently in the Arx X/Y mice at P3-5m (Table 1A) . Furthermore, significant differences were noted in the time from injection to onset of jerks and generalized seizures as well as in the number of deaths at both P1m and P3-5m (Table 1A, B) . Thus, the seizure threshold was significantly lower in the Arx PL/Y mice than in the control Arx X/Y mice.
Impaired learning performance in both the Arx PL/Y and Arx (GCG)7/Y mice
Learning and memory of both types of mice were tested using a step-through passive avoidance task and two tasks on the eight-arm radial maze. A step-through 9 passive avoidance task determines whether mice can retain an aversive memory of electric shocks. Naïve Arx PL/Y and Arx (GCG)7/Y mice showed no significant difference in latency to enter a darkened chamber compared with Arx X/Y mice (P=0.098 and P=0.792, respectively, Mann-Whitney's U-test), which indicated that mobility and motivation for entry were not affected (Fig. 5A, B) . After the mice had experienced shocks, latency for entry was significantly shorter in both Arx PL/Y and Arx (GCG)7/Y mice than in Arx X/Y mice (P=0.021 and P<0.001, respectively, Mann-Whitney's U-test), with a greater reduction of latency seen in Arx (GCG)7/Y mice (Fig. 5A, B) . These results indicated that neither type of mutant mouse could successfully acquire avoidance behavior through aversive experience.
The win-shift task on the eight-arm radial maze is a well-known hippocampus-dependent spatial learning task. To efficiently obtain all eight pellets at the end of each arm, mice must retain the spatial locations of pellet-retrieved arms within a (Fig. 5D) . These results indicate that both mutants showed inaccurate Increased locomotor activity and anxiety-like behavior are thought to affect learning indices; however, the above-mentioned results in learning tasks were statistically independent from the increased locomotor activity and anxiety-like behavior in Table S1 ). Fig. 6J-L, M) . Furthermore, we found that SST + , NPY + and NOS + interneurons were localized to the ventral region and were rarely detected in the dorsal region of the striatum, whereas no regional differences were seen for PV + interneurons ( Fig. 6A-L) . Thus, the number of SST + , NPY + and NOS + interneurons in the striatum of both mutants was significantly reduced as compared with that seen in the cortex, suggesting that striatal tangential migration was specifically suppressed in both mutants. We also found a subtype-specific reduction in the GABAergic interneurons in and Arx (GCG)7/Y mice were reduced more severely in the DBv than in the MS (Fig. 7E, F) .
Slight and severe reduction of GABAergic neurons in the cortex
GAD67 + neurons, another component of both the MS and DBv, were reduced in the Arx PL/Y mice and were not found in the Arx (GCG)7/Y mice, except for some expression in the most anterior MS and DBv (Fig. 7H-I and inset of I) Fig. 7J-L) , and the number of neurons in the NB of both mutants was also reduced (data not shown). Furthermore, we detected acetylcholinesterase (AchE) + axonal arbors of cholinergic projection neurons in the hippocampus and cortex, which are innervated by cholinergic projection neurons in the medial septum and basal magnocellular complex, respectively. A clear reduction in the AchE + axonal arbors was noted in the hippocampus and somatosensory cortex of Arx PL/Y mice (Fig. 7N, Q, S) compared to Arx X/Y mice, in addition to a severe reduction seen in Arx (GCG)7/Y mice (Fig. 7O, R, S) . These data indicate aberrant formation of the Ch1/Ch2 (septohippocampal) and C4 systems in both mutant strains.
DISCUSSION

Diversity of ARX mutations and ARX-related lissencephaly and mental retardation with epilepsy
One question to be addressed regarding the diversity of ARX-mutations in the ARX-related lissencephaly (XLAG) and mental retardation is whether the conditions are caused by individual mutations without involvement of any other genetic factors. We addressed this topic by introducing PR, PL and (GCG)7 mutations into the mouse genome. We found that phenotypes of Arx PR/Y mice are very similar to those of Arx -/Y mice with a truncated ARX mutation in XLAG (3, 15) . The abnormal cortical layer formation, abnormal structure of the striatum and deficiency of GABAergic neurons in the cortex and striatum caused by PR mutation closely mimic XLAG (5, 26, 27) . Still, the mechanisms underlying the abnormal cortical formation specific to XLAG are not yet clear due to the perinatal death of both mouse models of XLAG (30, 31) . On the other hand, two structurally different mutations associated with ARX-related mental retardation, including the single amino acid replacement (PL) and elongation of polyalanine tract ((GCG)7), also caused a common phenotype of ARX-related mental retardation with epilepsy. Thus, the present study strongly suggests that PR and PL/(GCG)7 mutations independently cause lissencephaly and mental retardation, respectively, without the involvement of any other genetic factors.
The importance of the conserved YPD in the homeodomain was demonstrated in the Arx PR/Y and Arx PL/Y mutant mice (4, 7) . Proline in the YPD is predicted to have 13 influence on homeodomain structure by providing the proper hydrophobic environment (32) , while leucine and arginine have stronger and much weaker (hydrophilicity) hydrophobicity compared with proline, respectively (33) . Thus, the hydrophobic environment suitable for the normal homeodomain structure and function may be destroyed by each mutation. It was surprising that the (GCG)7 mutation did not result in the specific formation of intranuclear inclusions and apoptosis that were observed in the in vitro functional test of the mutation (28, 29) In conclusion, we reported a causal relationship between three Arx mutations and the pleiotropic phenotype using three generated mutant mice. The present mutant mice offer various research opportunities, including elucidation of the molecular properties of Arx cascade affected by each mutation and pathogenesis of aberrant neural systems caused by reduction of GABAergic and cholinergic neurons in the forebrain.
Thus, these mutant mice could serve as excellent models for research on remarkable pleiotropy of ARX-related lissencephaly and mental retardation with epilepsy and, moreover, for reversing the syndromes (50) . 
MATERIALS AND METHODS
The experiments were conducted in accordance with the animal care regulations of the Mitsubishi Kagaku Institute of Life Sciences, the National Institute of Neuroscience and the Tokyo Institute of Psychiatry.
Construction of the targeting vectors.
We constructed three types of targeting vectors in which partial Arx fragments (3) containing the different mutations were linearly ligated to the Neo and DTA genes; these DNA fragments were then subcloned into pBluescript II (Figs. 1A, B) . The P355R mutation (CCT --> CgT) was introduced using the GENEEditor TM in vitro Site Directed Mutagenesis System (Promega, WI) and the sense primer 5'-CCAGCGGGAGGAACTcGAGCGGGCTTTCCAGACGCACTACCgTGACGTCTTCACCCAGG-3' (the italicized bold lowercase letter shows the mutation site, and the newly introduced XhoI site is underlined) (Fig. 1A) . The P355L (CCT --> CtT) mutation was introduced by PCR using the sense primer 5'-GGCTGCAGCGGCGGCGGCGGC-3' and the antisense primer 5'-AAGACGTCAaGGTAGTGCGTCTTCTGGAAAGCCCGCTCgAGTTCCTCCAGCTGGTAA-3' (the italicized bold lowercase letter shows the mutation site, and the newly introduced XhoI site is underlined) (Fig. 1A) . The addition of seven alanines into the first polyalanine domain was carried out by inserting 7x(GCG) into a NotI site (325GCGGCCGC332), designated as the "330ins(GCG)7" mutation (GCCGC --> GCggcggcggcggcggcggcggcgGC); this mutation was introduced by PCR using the sense primer 5'-GGCTGCAGCGGCGGCGGCGGCggcggcggcggcggcggcggcgGCAGCGGCGGCCACGGC-3' and the antisense primer 5'-AAGACGTCAGGGTAGTGCGT-3' (the italicized bold lowercase letters show the insertion sequence, and the destroyed NotI site is underlined) (Fig. 1B) .
Transfection, screening and generation of three Arx mutant mice. To obtain the targeted embryonic stem (ES) cells, we used a positive-negative selection strategy in the CCE ES cells (a gift from Dr E. Robertson), which are derived from 129/Sv. We screened ES colonies by Southern blot analysis with a 5' probe and a 3' probe external to the genomic sequences contained in the targeting vector and a Neo gene (red and blue bars in Fig. 1A, B) . Furthermore, we confirmed the introduction of each mutation by Southern blot analysis using the introduced XhoI site in the PL and PR mutations or the lost NotI by guest on November 8, 2016 http://hmg.oxfordjournals.org/ Downloaded from site in the (GCG)7 mutation (green bar in Fig. 1A, B) . We injected the positive ES clones into (C57BL/6J X BDF1) F1 or C57BL/6J blastocysts, which we then transferred into pseudopregnant female recipients. The resulting chimeric mice were bred with C57BL/6J females. Transmission of the targeted Arx locus was confirmed by Southern blot patterns. Acetylcholinesterase histochemistry was performed as described previously (52) . In each section, the number of positive cells per square micrometer in the observed region was calculated. Each value from the mutant mice was normalized to the wild-type mouse.
We obtained three
Statistical analysis was done using a Student's t test. Graphs show mean ± S.E.M.
Video monitoring of mice. Video monitoring was conducted for Arx PL/Y mice at the onset of weaning (P1m) and at the adult age (P5-6m), and for Arx (GCG) 7/Y mice at P1m (each n=10) in their home cages. The room light was on from 8:00 A. M. to 8:00 A. M., and their behavior was monitored with a CCD camera during the dark period (9-11 hr/day) for 4 days under infrared light illumination. The data were stored in a hard disk recorder, and convulsive behavior was checked off-line by viewing the animals' behavior on a screen. (Fig. 3B1, B2) . The reference screw electrode was placed on the cerebellum surface. Lead wires from the electrodes were connected to a socket. And the electrodes and the socket were firmly attached to the skull with acrylic resin cement. After a recovery period of 3 days after surgery, an EEG was recorded for 1-2 days in a sound-attenuated experimental box. The data were amplified 1000 times (time constant; 0.1 sec, low-pass filter; 100 Hz, AB-621G, Nihon Kohden, Japan) and monitored on a computer screen (Spike2 ver. 5, Cambridge Electronics Design, UK). The behavior of the mice was monitored with a CCD camera in the experimental box and recorded using a digital video camera (DCR-DVD301, Sony, Japan). The behavioral changes and accompanying EEG data were checked offline. After the experiments, electrode positions were verified histologically (Fig. 3B) . Fig. S3 ), the rotarod test (Supplementary Material, Fig. S3) , the open-field test (Supplementary Material, Fig. S3 ), the step-through passive avoidance test (Fig. 4) , the light-dark transition test (Supplementary Material, Fig. S4 ) and two divided tasks on the eight-arm radial maze including the win-shift task and the win-stay task (Fig. 4) . After weaning around postnatal week 4 (postnatal day 26 to 29), the mice were housed two to five animals to a cage in a room with a 12 hr light/dark cycle (light beginning at 8:00
A.M.) with ad libitum access to food and water, except during the eight-arm radial maze 20 tests. Behavioral testing began after three nights and was performed between 9:00 A.M and 7:00 P.M. Almost all behavioral tests were carried out using identical mice. The Arx (GCG)7/Y mice had a short life span and were almost all deceased by 10 weeks of age.
To avoid a decrease in the number of mice tested due to death, the two tasks on the radial maze were separated from the other tests and were begun as soon as possible after weaning.
Step-through passive avoidance. The step-through passive avoidance test was performed over two days using the testing apparatus (O'Hara & Co. Tokyo) as described by Karl et al. (53) . On day 1, the mouse was placed into the illuminated chamber facing the door to the darkened chamber. The door then opened, and the latency of entry to the darkened chamber was measured. Electric shocks (0.2 mA) were delivered 3 sec after the mouse entered. The mouse could freely escape from the darkened chamber with the door open and was allowed to explore these chambers for 60 sec after the shocks. On day 2, the mouse was again placed into the illuminated chamber, and the latency of its entry to the darkened chamber was measured, with a 300-sec cut-off time.
The win-shift task on the eight-arm radial maze. The win-shift task was performed in a manner similar to that described by Miyakawa et al. (54) , using the eight-arm radial maze (O'Hara & Co.). The win-shift task was conducted during a habituation and training phase. Food deprivation (each mouse received only a 2.5-to 3.0-g pellet a day) began three to four days before the habituation phase. Over the seven days of the habituation phase, the mouse underwent each of the three steps of pre-training in turn. In the first step, the mouse was allowed to freely explore the maze for 10 min without food reward. In the second and third steps, the protocol described by Miyakawa et al. (54) was followed.
After the habituation phase, actual training began. All eight arms were baited with food pellets. The mouse was allowed to retrieve all eight pellets, with a 7-sec confinement in the central platform before being presented with the next arm choice. The trial continued until the mouse had consumed all eight pellets or 10 min had elapsed. Training occurred once daily for 18 days. Image J RM software was used both to carry out the procedure and to analyze behavioral performance. Data for each mouse were averaged every three trials for statistical analysis.
The win-stay task on the eight-arm radial maze. The eight-arm radial maze was modified for the win-stay task. The eight arms had black opaque walls, and food dispensers were attached to the end of each arm to drop a sucrose pellet into the well.
Lightbulbs were set above the entrance to each arm facing the end of the arm. The apparatus was surrounded by a black curtain to restrict spatial cues and room light. The mice underwent the same food-deprivation schedule as in the win-shift task. The habituation and training phases were conducted for the win-stay task, during which four randomly selected arms were lit, but no more than three successive adjacent arms were lit on each trial. In the habituation phase, the mouse was allowed to freely explore the maze for 10 min a day for 3 days. The actual training was performed as described previously (55) Behavioral indices were collected, except for trials in which total choices were fewer than eight, which came from the total choices when a mouse retrieved all eight pellets without incorrect arm choices, because irregular and abnormal behavior occurred so often that the mouse had difficulty turning and choosing an arm. Additionally, if we saw an epileptic seizure, we allowed a 30-to 60-minute interval before a trial to let the mouse calm down.
Trials were sometimes stopped when it was apparent that a mouse could not move without difficulty. 
